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I. Introduction 


Several methods of measuring the total flux of neutrons from a source of 
neutrons have been described, [1, 2, 3, 4], of which that of Baurr et al. is per- 
haps the most direct. This method makes use of a small ionization chamber 
filled with BF, gas, and it is necessary that 100 % of the nuclear reactions 
B(n,«)Li occurring in its sensitive volume should be recorded. If electron collec- 
tion is used, the position of each ionization track in the chamber governs the 
size of the resulting voltage pulse, and it is therefore useful to calculate the 
proportionate number of very small pulses, as these will be obscured by am- 
plifier noise. Such a calculation is given in § II below. In § III the experimen- 
tal performance of a small chamber is compared with the theory, and in § IV 
an amplifier and sonde mounting for use with the chamber are described. 


II. Theoretical deduction of bias curve 
a. General 


An ionization chamber may be used with either electron or ion collection. 
The choice is made by selection of the amplifier time constants, long time con- 
stants corresponding to ion collection. The use of such time constants gives 
much trouble (microphonics, alternating current pick-up, piling up at higher 
counting rates, etc.) and it is of considerable advantage to use short time con- 
stants, which means that only the fast part of the pulse, occurring while the 
electrons are swept from the chamber, is used. But if the chamber is used in 
this way, it is necessary to know whether the bias curve has a plateau, and, if 
it has not, in what way the curve should be extrapolated down through noise 
to zero bias. The calculations given below were made in order to find the form 
of the low-amplitude end of this curve, which must be known if the chamber is 
to be used for absolute counting, and is useful to know even for relative counting. 

It is possible to calculate the form of the bias curve for the electron collect- 
ing chamber, if the charge collected on the positive electrode is known as a 
function of the direction of movement of the Li- and «-particles from the reac- 
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tion centre in the field between the electrodes. From simple energy considera- 
tions a formula can be found for the collected negative charge Q, which has 
been done by Rosst and Sravus [5]. If Vo is the potential difference between 


the electrodes, V; (0) the potential at the point where the 7:th ion pair was | 


created, Ny the number of created ion pairs, and e the electronic charge, then 
é \ 
Oa WO eM): (1) 


In deriving this formula it has been assumed that 

1. the diffusion of ions is negligeable, 

2. there is no recombination of ions, 

3. there is no electron capture in the gas, and 

4. there is only a small current through the grid leak resistance at the am- 
plifier input, so that V,» may be taken as constant. These points will be dis- 
cussed later. 

It is apparent from equation 1 that the voltage pulse height will be di- 
rectly proportional to the potentials through which the electrons fall. In order 
that as many pulses should be as large as possible it is therefore of advantage 
to use a cylindrical chamber with central electrode positive, this electrode having 
as small a radius as practicable in order to concentrate the greater part of the 
potential drop in a small volume close to its surface. It may be noted that 
for large high-pressure chambers such a design is not suitable, as the weak field 
in most of the chamber will allow loss of charge by recombination, and the 
mechanically weak central electrode may give troublesome microphonics. 


b. Calculation of bias curve, for a long cylindrical chamber 


In calculating the pulse spectrum from equ. 1 two cases will be considered: 
1. when the pressure of BF ; in the chamber is very high, and 
2. when the pressure is low. 


1. High gas pressure. The centre of a reaction B(n,«)Li may occur with 
equal probability at any point in the chamber. The pressure is assumed to be 
so high that the ranges of the particles are negligeable, i.e. all the ionization 
caused by a nuclear disintegration occurs within a very small volume. Then 


from equ. I, 
y 
eof 


— 
bo 
~n 


where V(r) is the potential at distance 7 from the axis of the chamber. But 


(3) 


where a = radius of central wire, and 
6 = radius of cylinder. 
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Fig. 1. Bias curve calculated for the case when the ionizing particles have vanishingly small 
range. 
The charge collected is then 

r 
log 5 

Q =eN,| 1—— }- (4) 
a 
log ~ 
a 

Let @ be the number of nuclear reactions per unit volume. Then the number 


of reactions ”;, which give pulses bigger than a certain size corresponding to a 
collected charge Q(r), is 


Nr = 070 (b? — 7?) (5) 


per unit length of the chamber. 
If r is eliminated between (4) and (5) there follows 


Ate oie 
Nr = ost b? Fi ams (: <M) |, (6) 


Now by its definition 


ee Dias bt F (’ po | 6 
n o 2 (b* — a?) (b? — a?) =) ( ) 


is the equation for the bias curve, when n is the relative number of pulses 


: reed, 4 b 2S : ; 
bigger than a certain size oN. The curve for — = 12 is given in Fig. 1. 
eNoy a 


2. Low gas pressure. In this case the finite range of the Li- and «-par- 
ticles must be taken into consideration. All directions of the particle tracks are 
assumed to be equally probable. The reaction centre O (Fig. 2) is chosen as the 
origin of a coordinate system (x, y, z) so that the xy-plane is a tangent plane 
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chamber wall 


central wire 


Fig. 2. Orientation of axes for calculation of bias curve when particles have finite ranges. 


to the equipotential surface through O. The z-axis passes through the central 
axis of the chamber and the y-axis is parallel to it. One of the product par- 
ticles (Li nucleus or «-particle) moves along OP. The perpendicular distance X 
to the central wire from a point P at distance / from O along this track is 
determined by 

AP (20) (8) 


where @ is the distance from the central axis to the reaction centre O. In polar 
coordinates with origin at O 


A? = [? (sin? @ cos? y + cos? O) + 2elcos O + o?. (9) 
Equation 1 gives for the charge 
Q=eN(l)— JV Man. (10) 
0 


To make the calculation practicable it is assumed that the ionization along a 
track is constant. 

If a number Ny of ion pairs are created along a track of length Ro, it follows 
that 
= N 0 1 


N= 3 


(11) 


If now V(l) in equ. 10 is replaced by its actual value, the expression for the 
charge collected is 


h, 
Oe re, eNo log at. . 
°  Rylog’ (is 


The upper limit /, of the integral is determined by 
1. 1, = Ry if X(Ry) Sb 
and 2h oly Oy dfx (ty) Ss: 
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In this last case /, is determined by X (l,) = 6 which gives 


Vb? cos? O + (b? — 6?) sin? O cos? p — 0 cos O 
sin? O cos? gy + cos? O 


lL = 


Integration gives for (12) 


Ay ns 2 
q- oe Lh 1 {log AH Beh cos O +e L+ 
: log—~ : 
a 
rg) 2 y 2 ] 
gcos 0, Al; + 2el, cosO + @ : osin O cos @ tg ane (14) . 


Bid bee oO A Ba l, cos @ + 


where A = sin? O cos? + cos? 0. 

From equ. (13) and (14) the collected charge may be calculated for an arbi- 
trary direction of the tracks of the Li- and «-particles. These particles, however, 
leave O in opposite directions and with the reaction energy divided in the ratio 
4:7. In simplified form equ. 14 may be written 


Q= “Fle 9.9) (14’) 


where / is eliminated between (13) and (14). For the Li- and «-particles (14’) 
is written 


eNo; 
eS Sees (G ©, »| 
a be (15) 
i Now, ae | 
a Ro, a\Q, ,@) | 


The sum of these charges is the total collected charge. Within the small energy 
interval between the Li- and «-particles the ranges may be assumed proportional 
to the energies, from which follows 


Qi = Qui + Qe = Fe Uha + fe (16) 
or R 
oy, = GO) (17) 


where Ny is the total number of ion pairs and #y is the sum of the ranges of 
the particles. 
The calculation of the pulse spectrum could now be made from equation 17 


in a statistical way. The probability S ( ) of finding a value of collected charge 


N 
Q between QY and Y + dQ is aeoparnenall to the solid angle dw = sn Od Od 
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in which the tracks lie, radiating from their reaction centre in de at distance 


Q 
No 
over the whole volume of the chamber of the expression 


ey . 
S| ~ const. [ fodody sin OdO. 


In making this integration the values of 9, y and © are determined by equa- 
tion 17. The calculation can be made graphically, a great number of rep- 
resentative tracks being selected throughout the sensitive volume. 

These tracks are chosen in the following way. The distance between the cyl- 
inder wall and the central electrode is divided up into a great number of equi- 
distant cylindrical surfaces, which correspond to equidistant values of 9. Then 
the angle g is given a series of equally spaced values between O and 22. These 
values of @ and are chosen equidistant because every point in the chamber 
has the same probability of coinciding with the reaction centre and because all 
directions of the tracks occur equally often. With these selected values of o and 9, 


H. =y becomes a function of O only. From equation 17, ie. is then cal- 
eNy eNg 


culated as a function of @ for all combinations of the selected values of 0 and 9. 


o from the central axis. The total probability s (2 ) is found by integration 


2 = {(@). In the o—@ plane small areas 
0 
dod@ around every pair of values 0, gy are considered. do and dq are kept con- 


The result is a family of curves 


stant. In the ae @ plane a constant d (=) is taken which moves along 
eNo eNo 


the © axis, and the corresponding values of O and AQ@O, found from the 
0 


curves « =/(@), are read along the O-axis. The probability s(- vA of 


finding a value of Q in dQ can now be rewritten 


Q = : , 
S (2) = const. ya 0i pa sin Oj¢ A Oix. (18) 


The summation is first made over all sin O;, 0; corresponding to a constant 9, 
and then all 9; > sin Oj, A Oi are summed over all values of 9. As described 
i 


above, the values of 0; and AO, are found from the curves a #(@). 


eNo 
The calculation of the family of curves giving QY as a Pecion of @ is very 
laborious, involving computation with equation 14. Since only the general form 
of the bias curve was required, and in particular the form at low bias values, 
no more points were calculated than were necessary to estimate the form and 
extent of each @—O curve. In this approximate way the differential pulse 
spectrum has been calculated for 10 values of @ between a and 6, 24 values 


of m between O and 2a, and for a(. v | - = 0.05. 
0 
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Fig. 3. Differential bias curve (theoretical). 


eNo 


Roa was chosen to be 7.2 mm and Ror to be 4.2 mm, these values of the 
ranges corresponding to a pressure of about 300 mm Hg, as shown below. This 
pressure was taken because previous experimental work had shown that small 
chambers filled to such a pressure had plateau slopes less than when filled to 
higher pressures, presumably because the longer tracks have a smaller chance 
of lying entirely in a volume corresponding to small pulse height. 

The chamber dimension constants were taken to be a = 0.5 mm and b = 6 mm. 

In the course of the work it became clear that there would be very few small 
pulses, so that the slope of the bias curve in the region hidden by noise would 
be very nearly constant, and nearly equal to zero. To estimate this slope was 
the object of the investigation, and there was therefore no need to undertake 
a more exact calculation. The result for the differential curve is given in Fig. 3. 
From this it is easy to get the bias curve, by summation. This gives the curve 
shown in Fig. 4. 
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Fig. 4. Theoretical bias curve. 
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Bower, BretTscuer and GILBERT [6] have found Roa = 7.0 + 0.3mm and Ror = 
= 4.3 + 0.2 mm for standard air, using a Wilson chamber. Now the stopping power 
(s) for BF; relative to air is known from measurements of Dick, FALK-VAIRANT 
and Rosseu [7], who find spr, = 2.15. To convert ranges in air to ranges in BF 
we can use the equation 

Rair 760 


fe 19 
2.15 p fe 


Rr, = 


where p= pressure of BF; in mm Hg. For the calculation above, Rgr, was 
chosen to be the same as Rair, which from (19) corresponds to p = 320 mm Hg. 
The curves in figures 3 and 4 then correspond to the pulse spectrum and bias 
curve of a cylindrical chamber of radius 6 mm and central wire radius 0.5 mm, 
filled with BF; to a pressure of 320 mm Hg. Calculation shows that the correc- 
tion for half-spherical ends is small if the chamber length exceeds five times 
its radius. 

The following remarks may be made about the simplifying assumptions made 
to arrive at equation 1: 


1. The diffusion effect of the ions may surely be neglected in a small chamber 
when electron collection is used, for, according to Rosst and Sravus [5], p. 13, 
and according to measurements of BisTLINE [8], the drift velocity of electrons in 
BF; at the fields and gas pressures used here is of the order of 10-107 cm/sec. 
If the time constants ¢, and ¢. in the amplifier are of the order of 10~>—-10~§ 
sec., and the radius of the chamber is 6 mm, the time needed for the electron 
collection is certainly less than ¢, and t., which are much less than the time 
necessary for the ions to move appreciably. 


2. The recombination of ions in BF; has been measured by Dick et al. [7]. 
Their results show that at the fields and pressures considered here, recombina- 
tion can be neglected. 


3. Hlectron capture in the gas can be reduced very much by careful cleaning 
and out-gassing of the chamber before filling, and careful purification of the BFs3. 
The largest pulses measured experimentally were however somewhat smaller than 
expected, and work is going on to find the cause of this. 


4. The current through the grid leak resistance, resulting from ionization, is 
very small, of the order of 10~! amps,-and, as this resistance is taken as 108 Q, 
the potential drop across it is less than 10~3 volts, and is thus negligeable com- 
pared to the voltage across the chamber. 


III. Experimental measurement of bias curve 
a. BF, chamber 


A small BF; chamber of length 40 mm and diameter 12 mm was made from 
lead glass tube of wall thickness 0.5 mm (Fig. 5). By evaporation its inside was 
coated with a silver film of ~ 100 A thickness, this film constituting the outer 
electrode carrying the negative high voltage. A 1 mm thick platinum wire was 
used as central electrode. Considerable trouble was spent on cleaning the cham- 
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Fig. 5. Small boron chamber. 


ber and on polishing the central electrode, which was brought into the chamber 
through a removable glass plug. This plug was finally sealed in place with 
Araldite type 1, after the chamber had been silvered. Araldite type 1 shows no 
sign of attack after several months of contact with BF 3, whereas cold-hardening 
Araldite type 101 becomes coloured after a few days. 

For testing the chamber a paraffin geometry was constructed such that the 
chamber could easily be mounted in the same position after every fillmg. A 50 
mC Ra-«x-Be neutron source was used. To fill the chamber, commercial tank 
BF, was used, which was first purified by a method described by several investi- 
gators [12, 13, 14]. Most of the experimental trouble encountered arose during this 
last operation, as it was found that the form of the pulse spectrum was very 
sensitive to impurities in the gas. 


b. Experimental results 


After it had been pumped down to a pressure of less than 10~> mm Hg the 
chamber was filled to a series of pressures from 180 to 755 mm Hg, and a bias 
curve was taken for each pressure. The voltage across the chamber was in all 
cases 850 volts. All the bias curves measured are given in Fig. 6. As will be 
seen from this all the curves have a linear part, which becomes longer with 
rising pressure. On the other hand the slope of this plateau becomes greater at 
higher pressures, which well agrees with the theory (see Figures | and 4). 

In § II:b it was shown, that the ranges assumed to calculate the bias curve 
in Fig. 4 correspond to a pressure of 320 mm Hg. Comparison between this 
calculated curve and the bias curve found experimentally shows a good agree- 
ment (Fig 7). It might seem that the assumption of constant ionization along 
a track would cause considerable deviations between the theoretically and ex- 
perimentally found curves. An explanation of the good agreement is probably 
to be found in the work of Bowker, BrerscHER and GILBERT [6] cited above; ac- 
cording to their work the ionization of the Li-nucleus is greatest near the reac- 
tion centre, but decreases rapidly with distance from this centre, while the more 
energetic «-particles give an ionization distribution corresponding to the usual 
Bragg curve form. Thus there is a tendency for charge lost when an «-particle 
strikes the wall to be made up when it is the Li-nucleus that is so stopped, 
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Fig. 6. Set of bias curves measured at different pressures. 
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Fig. 7. Comparison of theoretical with measured bias curve. 


and on the average this tends to act as if the ionization were constant along 
the tracks. 

In Fig. 8 is shown how the curve found experimentally for p = 755 mm Hg 
tends towards that calculated theoretically for very short ranges of the particles. 
At low bias values the curves have the same slope, but at higher values the 
effect of the finite ranges begins to be appreciable. 
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Fig. 8. Comparison of theoretical with measured bias curve at high pressure. 
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Fig. 9. Top end of bias curve, showing tail of curve due to B(n,«)Li reactions which result 
in the ground state of Lithium nuclei. 


Bias voltage 


The reaction B(n,«)Li may take place in two different ways: 


gia oe 4281 Mev. 
BY + nt. 
SLi? + at + 2.79 MeV, 


where the excited state occurs in 90 % and the ground state in 10 % of the 
disintegrations. The bias curves should therefore not stop at a bias voltage 
corresponding to 2.31 MeV, but some pulses should be counted corresponding to 
energies up to 2.79 MeV. Fig. 9 shows in detail the upper end of a bias curve 
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Fig. 10. Plot of counting rate against pressure. 


found for » = 700 mm Hg. The steep part of this curve corresponds to the end — 
of a curve similar to that in Fig. 8, followed by a similar spectrum of less 
numerous but larger pulses. The ratio between the two energies found from the 
diagram is 0.83 which agrees well with values given in the literature. The scale 
of Fig. 8 differs from that of the other bias curves, because a different paraffin 
geometry was used in making this measurement. 

It is possible that some BF; may be absorbed on the chamber walls, or form 
chemical compounds with the materials from which the chamber is constructed. 
If this is the case, the number of boron nuclei in the sensitive volume of the 
chamber cannot be calculated from a knowledge of the pressure to which it is 
filled, and a correction must be made if the chamber is to be used for absolute 
measurements. To investigate this the chamber was filled with argon to a pressure 
of 650 mm Hg. When it was exposed to the same neutron flux as was used 
in the measurement of the curves in Fig. 6, the counting rate was 15 counts 
per minute at a bias setting of 5 volts, diminishing rapidly with bias voltage. 
The same rate was found after filling to another argon pressure, so this correc- 
tion may be taken as constant (see also [1)). 

Apart from this correction, the counting rate should be directly proportional 
to the pressure in the chamber. This fact was used to determine the pressure 
in the chamber after it had been sealed off. The counting rates obtained by 
extrapolating the bias curves down to zero bias were found for seven different 
pressures, the results being as shown in Fig. 10. The chamber was then filled to 
439 mm Hg, and sealed off. Another bias curve was then taken, and the extra- 
polated zero-bias counting rate was found to lie close to the value expected from 
a consideration of Fig. 10. The BF; had been frozen down in the chamber 
during the sealing-off process, and this last counting-rate measurement was made 
to ensure that the freezing down had been complete, and that the final pressure 
was the same as that read on the manometer, after correction for the small loss 
of volume in sealing off. 
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IV. Equipment for use with the chamber 
a. Amplifier 
The amplifier was made up of three cathode-coupled feedback loops ([9], 


Fig. 2.20 b, p. 60), giving a total voltage gain of 3 x 10°. Pulse shaping was 
done by a delay line connected between the first two loops, and by an R—C 


Sk 


line 
( parts Ley 2us) 


+25V 
Fig. 11. Circuit of first loop of amplifier for use with the small BF, chamber. 


circuit in the feedback path of the second loop, which determined the rise time. 
The clipping time &, given by the delay line, was 2 us: the rise time ¢, was 
1.5 us. This arrangement gave a sharply pointed output pulse, which has been 
shown to give a better signal-to-noise ratio than the more rounded pulse pro- 
duced if a simple R—C circuit is used to determine the clipping time [10]. Cal- 
culation showed that the gain of such an amplifier does not depend critically 
upon the intrinsic rise time of the amplifier unless this is greater than about 
0.2 t,. There was thus no need to build a fast amplifier, and it was possible to 
design a circuit similar to the Los Alamos model 100, with valves working eco- 
nomically at Jow current through large anode loads. 6AK5 valves were used 
for the first two loops. Their heaters were connected in series and fed from a 
direct current supply, to avoid 50 c/s pickup in the early stages. 

As the amplifier was intended for the study of bias curves which were to be 
extrapolated to zero bias, some trouble was taken to secure as good a signal- 
to-noise ratio as possible. The input circuit (Fig. 11) consisted of two triode- 
connected 6AK5’s working in cascade [10]: this circuit combines the advantage 
of a triode input stage (low shot noise) with that of the more usual but also 
more noisy pentode (low Miller effect). These two valves are included in the 
first feedback loop. The first triode is mounted close to the chamber, and is 
separated from the rest of the first loop by about one meter of cable. This 
gives no trouble, as both of the signal-carrying leads in this connection involve 
low-impedance points. 
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Fig. 12. Small BF, chamber on sonde mounting. The scale is shown by the the match box. 


To select the input valve, about 100 6AK5 valves were tested: for each valve 
the noise at the amplifier output was rectified and its mean value measured. 
Apart from those that were faulty, these valves fell into two groups, one having 
about. 30% more noise than the other. The spread in each group was about 
10 %: the worst valve had 1.6 times more noise than the best. 

Kach valve was also checked for microphonics by measuring the increase in 
its noise output when the test chassis was tapped by a standard electro-me- 
chanical system. The valve finally selected was aged for three days at 12 mA 
anode current, anode voltage 120 V, and heater voltage 8 V. This decreased 
its noise output by 15 %, but this advantage was offset by a simultaneous fall 
of 5 % in mutual conductance. 

It should be borne in mind that the signal-to-noise ratio of an input circuit 
depends on many factors: band-width, input capacity, working conditions of the 
valves, etc. [11]. With so many variables it is difficult to find a convenient 
way of testing many valves. The working conditions of the input stage shown 
in Fig. 11 were chosen, by experiment with a set of 10 representative valves, 
using the input capacity and band-width required for this experiment. The circuit 
was then taken as standard for the testing of the rest of the valves. 

The input valve was shock-mounted on rubber. A high value of grid leak 
was chosen, to minimize grid current noise. Care was taken to keep the capaci- 
ties to ground at the input grid as small as possible. 


b. Sonde mounting 


A sonde mounting was made so that the chamber could be used for the mea- 
surement of neutron distributions in aqueous solutions. In order to disturb such 
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Fig. 13. Bias curves showing the effect of sonde capacities. Upper curve: chamber connected 
directly to amplifier. Lower curve: chamber mounted on sonde. 


distributions as little as possible, the sonde must be slender, and must be con- 
structed from materials having properties towards neutrons which do not differ 
too much from those of the surrounding medium. Also, the capacity between 
the central wire and ground must be kept low, to give a good signal-to-noise 
ratio. 

One end of the sonde can be seen in Fig. 12. The outer casing is a brass tube 
55 cm long, of 5 mm outside diameter and 0.5 mm wall thickness. Down the 
centre of this tube is stretched a 0.02 mm diameter tungsten wire, which carries 
the signals from chamber central electrode to the amplifier input grid. The space 
between the wire and the tube is filled with paraffin wax. The ends of the thin 
tungsten wire are joined to short lengths of 1 mm copper wire, which are 
mounted in perspex plugs forced into the ends of the brass tube. The central 
electrode of the chamber is soldered to one of these wires, and the space be- 
tween the end of the sonde and the neck of the chamber is closed with a split 
perspex tube held in place with Araldite type 101, which also serves to water- 
proof the connection. 
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The high voltage lead at —850 volts runs through a 2.8 mm outside-diameter 
glass tube fixed parallel to the sonde by a series of perspex clips. The end of 
this tube is flared out to cover the soldered joint to the chamber outer elec- 
trode, and sealed to the chamber with Araldite. 

The measured capacity of chamber and sonde is 18 pF. Fig. 13 shows the 
effect of the extra capacity due to the sonde. The bias curve of Fig. 13 a was 
taken without the sonde, the chamber being connected directly to the amplifier 
input. In Fig. 13 b the chamber is mounted on the sonde. The pulse ampli- 
tude is reduced by a factor of 2.5, but the plateau is still adequate. 


V. SUMMARY 


Calculation shows that a small BF; chamber can be made which will have 
characteristics suitable for absolute neutron measurements, even when it is used 
with electron collection. A chamber has been constructed, and its bias curve is 
found to agree closely with that calculated. 

It is shown that the central electrode of such a chamber should be small in 
diameter, compared to its outer electrode. 

An amplifier and sonde mounting for use with the chamber are described. 


A.B. Atomenergi, Department of Physics, Stockholm. 
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